Approaches to prevent human immunodeficiency virus (HIV-1) transmission are urgently needed. Difficulties in eliciting antibodies that bind conserved epitopes exposed on the unliganded conformation of the HIV-1 envelope glycoprotein (Env) trimer represent barriers to vaccine development. During HIV-1 entry, binding of the gp120 Env to the initial receptor, CD4, triggers conformational changes in Env that result in the formation and exposure of the highly conserved gp120 site for interaction with the coreceptors, CCR5 and CXCR4. The DMJ compounds (؉)-DMJ-I-228 and (؉)-DMJ-II-121 bind gp120 within the conserved Phe 43 cavity near the CD4-binding site, block CD4 binding, and inhibit HIV-1 infection. Here we show that the DMJ compounds sensitize primary HIV-1, including transmitted/founder viruses, to neutralization by monoclonal antibodies directed against CD4-induced (CD4i) epitopes and the V3 region, two gp120 elements involved in coreceptor binding. Importantly, the DMJ compounds rendered primary HIV-1 sensitive to neutralization by antisera elicited by immunization of rabbits with HIV-1 gp120 cores engineered to assume the CD4-bound state. Thus, small molecules like the DMJ compounds may be useful as microbicides to inhibit HIV-1 infection directly and to sensitize primary HIV-1 to neutralization by readily elicited antibodies.
P
reventing sexual transmission of human immunodeficiency virus type 1 (HIV-1) is critical for altering the course of the global pandemic of AIDS. Currently, approximately 34 million people are living with HIV-1 infection; 2.5 million people are newly infected with the virus annually, and nearly 1.7 million individuals succumb each year to AIDS (1) . Hence, there is an urgent need to develop vaccines or other strategies that can prevent HIV-1 transmission.
HIV-1-neutralizing antibodies are an important component of a protective vaccine-induced immune response. Passive administration of HIV-1-neutralizing antibodies protects monkeys from intravenous and mucosal challenge with simian-human immunodeficiency viruses (SHIVs) (2) (3) (4) (5) (6) (7) . The trimeric envelope glycoprotein (Env) spike on the virion surface is the only HIV-1-specific target accessible to neutralizing antibodies (8) (9) (10) . The presence of circulating antibodies against a specific region of Env (the gp120 V2 variable region) correlated with the partial protection seen in the RV144 clinical vaccine trial (11) (12) (13) . Thus, the generation of anti-Env antibodies, particularly neutralizing antibodies, may be critical for a successful HIV-1 vaccine.
The HIV-1 Env spike, which is composed of three gp120 exterior Envs and three gp41 transmembrane Envs, mediates virus entry into host cells (10) . The unliganded HIV-1 Env is metastable (14) (15) (16) (17) (18) (19) . Binding of gp120 to the initial receptor, CD4, triggers Env conformational changes that result in the formation/exposure of two elements: (i) the gp120 binding site for the second receptor, CCR5 or CXCR4, and (ii) the gp41 heptad repeat (HR1) coiled coil (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) . Binding of gp120 to the CCR5 or CXCR4 coreceptor is thought to induce further Env conformational changes that result in the formation of an energetically stable gp41 six-helix bundle that promotes the fusion of the viral and target cell membranes (18, 19) .
As a successful persistent virus, HIV-1 has evolved Env spikes that minimize the elicitation and impact of neutralizing antibodies (10, 30) . These features include surface variability, conformational lability, and a heavy coat of glycans (30) (31) (32) (33) (34) . Most anti-Env antibodies elicited during natural infection do not neutralize HIV-1, and those that do are usually strain restricted, allowing virus escape (30, (35) (36) (37) (38) . Only after several years of infection in some HIV-1-infected individuals are more broadly neutralizing antibodies generated (37, (39) (40) (41) (42) . Broadly HIV-1-neutralizing antibodies typically display unusual features that allow binding to the heavily shielded, conserved Env epitopes (39, 43, 44) . Some neutralizing antibodies with modest breadth bind Env carbohydrate-dependent epitopes (44) (45) (46) (47) (48) (49) (50) (51) . The variable and glycosylated features of the HIV-1 Env spike render the elicitation of neutralizing antibodies difficult and have presented extreme challenges to the development of effective Env vaccine immunogens. Even the best current HIV-1 Env immunogens elicit antibodies that inhibit the infection of only the small subset of primary viruses that are more prone to neutralization (44, 52, 53) . The sensitivity of HIV-1 strains to antibody neutralization depends upon the integrity of the Env epitope and Env reactivity; the latter property indicates the propensity of unliganded Env to undergo conformational changes (16, 54, 55) . A successful HIV-1 vaccine must cover a range of phylogenetically diverse transmitted/founder viruses, most of which have Envs of low reactivity and thus exhibit low sensitivity to neutralization by antibodies (16, 54, 55) .
One of the major hurdles facing the development of a successful HIV-1/AIDS vaccine is the requirement to elicit antibodies that recognize conserved elements of the native, unliganded conformation of the HIV-1 Env trimer. These conserved elements are often buried or composed partially or completely of glycans, which render the generation of the cognate antibodies inefficient (30, 32, 33, 44, 56) . Two functionally conserved gp120 elements interact with the HIV-1 host cell receptors, CD4 and CCR5 or CXCR4 (57) (58) (59) (60) . The CD4-binding site (CD4BS) on gp120 is sterically recessed on the HIV-1 Env trimer and surrounded by regions that exhibit interstrain variability and glycosylation (33, 57) . Effective neutralizing antibodies directed against the gp120 CD4BS typically engage their epitopes in a manner that does not require the Env trimer to undergo significant conformational changes (16, 61, 62) . Indeed, potently neutralizing antibodies directed against multiple conserved HIV-1 Env epitopes generally require minimal conformational change in the unliganded Env trimer for their binding (16) .
The vast majority of primary HIV-1 isolates, including transmitted/founder viruses, use CCR5 as a second receptor (24-26, 29, 55) . The CCR5-binding site on gp120 consists of a discontinuous surface of the gp120 core and the tip of the V3 loop, both of which are well conserved among primate immunodeficiency viruses (58) (59) (60) . These elements are not formed and exposed on HIV-1 Env trimers with low envelope reactivity. Antibodies that recognize CD4-induced (CD4i) epitopes in the gp120 core bind near or within the coreceptor-binding site of gp120 (58) . Some of these antibodies are specific for CCR5-using HIV-1 variants, whereas other antibodies recognize both CCR5-using and CXCR4-using viruses (63) (64) (65) . CD4i antibodies are routinely generated in HIV-1-infected humans (66) and can be elicited by HIV-1 gp120 core constructs in which the CD4-bound conformation has been stabilized by disulfide bonds and cavity-filling substitutions (67, 68) . Although both the CD4i epitopes and the V3 tip become exposed after HIV-1 binding to cell surface CD4, steric factors (e.g., the target cell membrane) limit the ability of CD4i and V3-directed antibodies to bind their respective epitopes and neutralize the virus (69) . Therefore, the neutralizing potency of CD4i and V3-directed antibodies is related to the degree of exposure of these epitopes on the unliganded Env trimer (16, 70) . Thus, because of the low Env reactivity of primary and transmitted/founder HIV-1, these viruses are generally inhibited poorly by most CD4i and V3-directed antibodies (16, 54) .
There are many ongoing efforts to elicit antibodies that bind the unliganded HIV-1 Env trimer efficiently and neutralize the large fraction of primary transmitted/founder HIV-1 with low Env reactivity (44, 52, (71) (72) (73) . In this study, we investigated a complementary approach that increases the sensitivity of the HIV-1 virion to antibody neutralization. This approach is based on the observation that induction of the CD4-bound conformation renders primary HIV-1 sensitive to neutralization by CD4i antibodies (66, 70) . Hypothetically, any agent that promotes Env conformational changes similar to those induced by CD4 could sensitize HIV-1 to CD4i antibody neutralization. HIV-1 sensitization as a strategy for virus prophylaxis has become feasible as a result of the availability of small-molecule CD4-mimetic compounds. The prototypes of such compounds, NBD-556 and NBD-557, were discovered in a screen for inhibitors of gp120-CD4 interaction (74) . NBD-556 and NBD-557 bind in the Phe 43 cavity (75-77), a highly conserved ϳ150-Å 3 pocket in the gp120 glycoprotein of all HIV-1 strains except those in group O (57) . The vestibule of the Phe 43 cavity contains a number of conserved gp120 residues that make critical contacts with CD4 (57) . The binding of NBD compounds in the Phe 43 cavity blocks gp120-CD4 interaction and, like the binding of soluble CD4, prematurely triggers the activation of the HIV-1 Env spike (14) . The activated state is short-lived (half-life [t 1/2 ] ϭ 5 to 7 min at 37°C), and the bound Env spike rapidly decays into an irreversibly inactivated state (14) . Although NBD-556 induces large, entropically unfavorable changes in gp120 conformation (75, 78) and thus binds with only modest affinity (
iterative cycles of cocrystallization with gp120 and rational design and synthesis have yielded a number of NBD-556 analogues with improved affinity and antiviral properties (76, 77) .
Two compounds, (ϩ)-DMJ-I-228 and (ϩ)-DMJ-II-121 (herein referred to as DMJ compounds), are recently designed and synthesized NBD-556 analogues that have been shown to exhibit improved binding to HIV-1 gp120 and better inhibition of HIV-1 entry (76, 77) . The prototypic NBD-556 compound can increase the binding or neutralizing potency of the 17b CD4i antibody weakly and only in laboratory-adapted viruses that have high Env reactivity (15) . In contrast, in this report we show that the virussensitizing activity of the DMJ compounds is robust and is evident in primary HIV-1 isolates that have low Env reactivity and thus are relatively neutralization resistant. Importantly, we demonstrate the ability of the DMJ compounds to sensitize HIV-1 to neutralization by polyclonal antisera elicited by an engineered gp120 core immunogen.
MATERIALS AND METHODS
Compounds. All compounds were synthesized as described previously (76, 77, 79) . The compounds were analyzed, dissolved in dimethyl sulfoxide (DMSO) at a stock concentration of 10 to 20 mM, aliquoted, and stored at Ϫ20°C. Each compound was then diluted to 1 mM in serum-free Dulbecco's modified Eagle medium (DMEM) and used for different assays.
Cell lines. 293T human embryonic kidney and Cf2Th canine thymocytes (ATCC) were grown at 37°C and 5% CO 2 in Dulbecco's modified Eagle's medium (Invitrogen) containing 10% fetal bovine serum (Sigma) and 100 g/ml of penicillin-streptomycin (Mediatech, Inc.). Cf2Th cells stably expressing human CCR5 and CD4 were grown in medium supple-mented with 0.4 mg/ml of G418 and 0.2 mg/ml of hygromycin (Invitrogen).
Recombinant luciferase viruses. 293T human embryonic kidney cells were cotransfected with plasmids expressing the pCMV⌬P1⌬env HIV-1 Gag-Pol packaging construct, the R5 YU2 envelope glycoproteins or the envelope glycoprotein of the control amphotropic murine leukemia virus (A-MLV), and the firefly luciferase-expressing vector at a DNA ratio of 1:1:3 g using the Effectene transfection reagent (Qiagen). Cotransfection produced recombinant, luciferase-expressing viruses capable of a single round of infection. The virus-containing supernatants were harvested 36 to 40 h after transfection, spun, aliquoted, and frozen at Ϫ80°C until further use. The reverse transcriptase (RT) activities of all viruses were measured as described previously (80) .
Infection by single-round luciferase viruses. Cf2Th-CCR5-CD4 target cells were seeded at a density of 6 ϫ 10 3 cells/well in 96-well luminometer-compatible tissue culture plates (PerkinElmer) 24 h before infection. On the day of infection, NBD-556, (ϩ)-DMJ-I-228, or (ϩ)-DMJ-II-121 (0 to 100 M) was incubated with recombinant viruses (10,000 RT units) at 37°C for 30 min. In the case of sensitization assays, a constant concentration of compounds was incubated with virus for 30 min at 37°C; then, 17b or other antibodies (0 to 100 g/ml) were added to the virus-compound mixture and incubated for an additional 30 min at 37°C. The mixtures were then added to the target cells and incubated for 48 h at 37°C; after this time, the medium was removed from each well, and the cells were lysed by the addition of 30 l of passive lysis buffer (Promega) and three freeze-thaw cycles. An EG&G Berthold LB 96V microplate luminometer was used to measure the luciferase activity of each well after the addition of 100 l of luciferin buffer (15 mM MgSO 4 , 15 mM KPO 4 [pH 7.8], 1 mM ATP, and 1 mM dithiothreitol) and 50 l of 1 mM firefly D-luciferin free acid, 99% (Prolume).
Stable core gp120 design. Based upon available structures of the HIV-1 gp120 core containing the entire V3 region (59), the original gp120 core (57) was redesigned with additional internal changes to stabilize the coreceptor-binding region, as previously described (68) . To reduce conformational flexibility and lock the gp120 core into the receptor-bound state, two tactics were used: filling hydrophobic pockets of the core and adding interdomain disulfide pairs. For the first tactic, cavity-filling or "F" changes (T257S and S375W) were designed to fill the Phe 43 cavity; other gp120 cavity-filling substitutions (M95W and A433M) were also included in the stabilized gp120 cores. Four interdomain cysteine pairs (disulfides [DS], or "CC" mutations) were introduced to lock the core into the CD4-bound, coreceptor-binding conformation. These cysteine substitutions specifically involve residues 96 to 275 (DS1; 1st CC), 109 to 428 (DS2; 2nd CC), 123 to 431 (DS3; 3rd CC), and 231 to 267 (DS4; 4th CC). The 2CC gp120 core contains DS1 and DS2; the 3CC gp120 core contains DS1, DS2, and DS3; and the 4CC gp120 core contains all four internal cysteine pairs.
To enhance protein folding and expression, the V1/V2 stem was trimmed and residues were added back to the V3 base ␤-strands to result in the new V3S unmodified core and the corresponding stable cores 2CC, 3CC, and 4CC (68) . To focus the immune response onto the conserved coreceptor-binding site, the immunodominant V1/V2 and V3 hypervariable regions were removed as described below. Previous studies demonstrated that hypervariable region truncations were possible without compromising CD4 binding (81) ; however, structural analysis suggested that more optimal designs were feasible. The structure of the gp120 core with an intact V3 loop (59) showed that the previously published Gly-Ala-Gly substitution of V3 residues 298 to 329 (to accomplish deletion of V3) removed four hydrogen bonds from ␤-strand 12 and five hydrogen bonds from ␤-strand 13. A new substitution (V3S) that retained these hydrogen bonds and added a longer linker was modeled (68) . Further structural analysis indicated that additional trimming of the flexible V1/V2 region to eliminate a naturally occurring cysteine pair might facilitate accommodation of additional pairs of stabilizing cysteines elsewhere in the molecule. Accordingly, a more minimal loop (V1/V2b) was modeled with a type II turn connecting strands ␤2 and ␤3, replacing nine residues (CVGAGS CNT) with an Ala-Gly-Ala tripeptide.
Protein expression, purification, and characterization. The stable gp120 cores were expressed by transient transfection of the pcDNA 3.1(Ϫ) expression vector into suspended HEK293T cells in serum-free medium (Life Technologies). The stable gp120 cores were purified by 17b affinity columns to a high level of homogeneity, as previously described (68) . The folding of the purified stable gp120 cores was assessed by enzyme-linked immunosorbent assay (ELISA), surface plasmon resonance (SPR), and isothermal titration calorimetry (ITC) with the conformational ligands sCD4, 17b, and b12 (68) . Protein purity and molecular mass were determined by SDS-PAGE analysis followed by Coomassie blue staining, as well as blue native gel electrophoresis and size exclusion chromatography.
Animal inoculations and analysis of antisera. Approximately 12-week-old female New Zealand White rabbits were housed at the AAALAC-accredited facilities at Bioqual (Rockville, MD) under specificpathogen-free conditions. At 4-week intervals, rabbits were inoculated intramuscularly with 50 mg of affinity-purified protein formulated in GlaxoSmithKline adjuvant system AS01B by splitting the protein-adjuvant mix in the two hind legs. Serum was prepared, heat inactivated, and assessed for anti-gp120 ELISA titers and the presence of neutralizing antibodies, as previously described (68, 82) .
ITC. Thermodynamic parameters for the binding of the different inhibitors to gp120 were obtained by ITC using a VP-ITC microcalorimeter from MicroCal/GE Healthcare (Northampton, MA). The titrations were performed at 25°C by injecting 10-l aliquots of inhibitor solution into the calorimetric cell (volume, ϳ1.4 ml) containing gp120 at a concentration of 2 M. The inhibitor concentration in the syringe was 40 to 60 M except for NBD-556, which was prepared at a concentration of 125 M. In all titration experiments, gp120 and the different inhibitors were equilibrated with phosphate-buffered saline (PBS), pH 7.4, with 2% DMSO. The heat evolved upon each injection of inhibitor was obtained by integration of the calorimetric signal. The heat associated with inhibitor binding to gp120 was obtained by subtracting the heat of dilution from the heat of reaction. The enthalpy change (⌬H) and association constant (K a ϭ 1/K d ) were obtained by nonlinear regression of the data.
Cold inactivation. Recombinant virus (10,000 RT units) was incubated with either a fixed concentration of the NBD-556 analogues (50 M for viruses with JR-FL and A-MLV Envs and 20 M for viruses with YU2 Env) or DMSO on ice at 4°C for the following times: 0, 2, 4, 8, 24, and 48 h. Cf2Th-CCR5-CD4 target cells were seeded at a density of 6 ϫ 10 3 cells/well in a 96-well luminometer-compatible tissue culture plate (PerkinElmer) 24 h before infection. The mixtures were then added to target cells and incubated for 48 h at 37°C; after this, the medium was removed from each well, and the cells were lysed by the addition of 30 l of passive lysis buffer (Promega) and three freeze-thaw cycles. An EG&G Berthold LB 96V microplate luminometer was used to measure the luciferase activity of each well after the addition of 100 l of luciferin buffer (15 mM MgSO 4 , 15 mM KPO 4 [pH 7.8], 1 mM ATP, and 1 mM dithiothreitol) and 50 l of 1 mM firefly D-luciferin free acid, 99% (Prolume).
RESULTS

Characterization of small-molecule CD4-mimetic compounds.
We examined the ability of selected CD4-mimetic compounds to inhibit HIV-1 entry. Two recently identified DMJ compounds, (ϩ)-DMJ-I-228 and (ϩ)-DMJ-II-121 (76, 77) , were compared to the parental NBD-556 and an earlier analogue, (Ϯ)-MAE-II-120. Recombinant HIV-1 expressing the firefly luciferase gene was pseudotyped with different envelope glycoproteins, either HIV-1 JR-FL Env or, as a control, the amphotropic murine leukemia virus (A-MLV) envelope glycoproteins. The recombinant viruses were incubated with cells expressing CD4 and CCR5 in the presence of different concentrations of the compounds. The DMJ compounds specifically inhibited HIV-1 JR-FL, with an improved potency relative to that of the parental NBD-556 compound (Table 1 and Fig. 1 ).
The thermodynamics of the binding of each compound to the wild-type HIV-1 YU2 gp120 glycoprotein was analyzed by isothermal titration calorimetry. Relative to NBD-556, the DMJ compounds exhibited significant improvement in the ability to bind monomeric gp120 (Table 1 ). This increase in gp120 binding affinity is largely due to the fact that the entropic contribution to the binding affinity is less unfavorable than for NBD-556 (Table  1) . Binding of CD4 and NBD-556 to gp120 is associated with an unusually large enthalpy change (⌬H) that is balanced by a large unfavorable entropic contribution (ϪT⌬S) to the Gibbs free energy of binding (78, 83) . This thermodynamic signature results from large-scale conformational structuring and fixation of gp120 by CD4 and NBD-556. Relative to the binding of NBD-556, the binding of the DMJ compounds apparently introduces less order in monomeric gp120.
Previous studies suggest that an increased propensity of the HIV-1 envelope glycoproteins to sample the CD4-bound conformation is associated with increased sensitivity to inactivation following incubation in the cold (84) . We examined the half-life on ice of recombinant HIV-1 JR-FL incubated with different NBD-566 analogues. The half-life on ice of HIV-1 JR-FL incubated with DMSO was Ͼ48 h. Incubation of HIV-1 JR-FL with the parental NBD-556 compound and earlier analogue (Ϯ)-MAE-II-120 resulted in half-lives in the cold of 15.7 and 8.7 h, respectively (Table  1) . Incubation with the (ϩ)-DMJ-I-228 and (ϩ)-DMJ-II-121 compounds increased the sensitivity of HIV-1 JR-FL to cold, with half-lives of 9.1 and 1.9 h, respectively (Table 1) . Similar results were obtained with HIV-1 YU2 (data not shown). These observations suggest that the DMJ compounds sensitize HIV-1 to cold inactivation and are consistent with the induction of the CD4-bound state in Env by the DMJ compounds.
DMJ compounds sensitize HIV-1 to neutralization by CD4-induced and V3-directed antibodies. We tested the ability of the DMJ compounds to sensitize HIV-1 to neutralization by antibodies, using the single-round infection of Cf2Th-CCR5-CD4 cells by recombinant HIV-1 encoding firefly luciferase. The recombinant viruses were pseudotyped with the HIV-1 Envs derived from the primary R5 HIV-1 JR-FL and YU2 isolates. Recombinant HIV-1 pseudotyped with the A-MLV Env was used as a control for specificity. HIV-1 neutralization was examined in the presence of subneutralizing concentrations of the CD4-mimetic compounds and different concentrations of monoclonal antibodies. Figure 2 shows the results for antibodies that recognize epitopes known to be induced and/or exposed upon CD4 binding. The 17b antibody recognizes a well-conserved CD4i epitope on the HIV-1 gp120 core that is not formed or exposed in the unliganded Env of primary HIV-1 strains (63, 66, 70) . The 39F antibody recognizes a conformation-dependent epitope in the gp120 V3 region of primary R5 HIV-1 (85) . In the absence of the DMJ compounds, neither monoclonal antibody inhibited primary HIV-1 infection at concentrations up to 100 g/ml ( Fig. 2A and B and Table 2 ). (ϩ)-DMJ-II-121 sensitized HIV-1 JR-FL to neutralization by both the 17b and 39F monoclonal antibodies ( Fig. 2A and B) . For example, in the presence of 30 M (ϩ)-DMJ-II-121, the 17b antibody inhibited HIV-1 JR-FL entry into cells coexpressing CD4 and CCR5 with a 50% inhibitory concentration (IC 50 ) of 0.6 g/ml (Fig. 2A) . This sensitization was dependent on the (ϩ)-DMJ-II-121 concentration and was specific to HIV-1; there was no significant inhibition of A-MLV by either 17b or 39F antibody in the presence of (ϩ)-DMJ-II-121 ( Fig. 2C and D) . Both DMJ compounds sensitized HIV-1 YU2 and JR-FL to neutralization by the 17b and 39F antibodies ( Fig. 2 and Tables 2 and 3 ). Only at high concentrations did the parental compound NBD-556 weakly increase the neutralization of HIV-1 JR-FL by the 39F antibody; NBD-556 minimally affected HIV-1 JR-FL neutralization by the 
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a R and S designation refers to the absolute stereochemical configuration at the 1 and 2 positions of the indane ring system in the compound. b The thermodynamic data were determined by isothermal titration calorimetry at 25°C. 17b antibody (Fig. 2E and F) . We conclude that the DMJ compounds render primary HIV-1 isolates sensitive to neutralization by monoclonal antibodies directed against CD4i and V3 epitopes on the gp120 Env.
Substitution of gp120 Ser 375 with a tryptophan residue fills the Phe 43 cavity (68); this substitution slightly enhances CD4 binding but disrupts the binding of all NBD-556 analogues, including the DMJ compounds. Although the S375W HIV-1 variant is not found in nature, it is useful as a negative control. None of the tested NBD-556 analogues sensitized HIV-1 JR-FL S375W to neutralization by 17b and 39F (Table 2 ). These results indicate that gp120 binding by the DMJ compounds is critical for their ability to sensitize HIV-1 to neutralization by these antibodies.
We examined the ability of (ϩ)-DMJ-II-121 to sensitize HIV-1 JR-FL to neutralization by a panel of anti-HIV-1 Env monoclonal antibodies ( Table 3 ). The Env epitopes recognized by many of these antibodies have been characterized previously (45, 86, 87) . The following antibodies were tested: the 17b, CH08, VC827, VCT16, and VCT39 GH antibodies, which recognize CD4-induced epitopes overlapping the CCR5-binding site (63, 88) ; the A32 antibody, which recognizes a discontinuous CD4-induced epitope in the C1 and C4 conserved regions of gp120 that does not overlap the CCR5-binding site; antibodies (39F, 1.4E, and 2.1E) directed against the V3 region; antibodies (PGT128 and 2G12) that bind glycan-dependent gp120 outer domain epitopes; and an antibody (PG9) that recognizes quaternary-structure-dependent gp120 epitopes in the V1/V2/V3 region. The neutralization potencies of the CD4i antibodies 17b, CH08, VCT16, and VCT39 GH antibodies increased dramatically when HIV-1 was incubated with 50 M (ϩ)-DMJ-II-121 (Table 3 and Fig. 3D and E) . In addition, (ϩ)-DMJ-II-121 also specifically sensitized HIV-1 JR-FL to neutralization by antibodies directed against the gp120 V3 region, as well as antibody CH21, whose discontinuous gp120 epitope is not yet determined (89) . Whereas the CD4-induced and V3 region-directed antibodies specifically neutralized HIV-1 in the presence of (ϩ)-DMJ-II-121, the glycan-directed 2G12 antibody and V1/V2/V3 region-directed PG9 antibody nonspecifically inhibited HIV-1 and the A-MLV negative control in the presence of 50 M (ϩ)-DMJ-II-121 (Table 3) . Together, these results indicate that the DMJ compounds specifically enhance the virusneutralizing potency of some antibodies targeting HIV-1 Env epitopes that are induced by CD4 binding.
DMJ compounds sensitize HIV-1 to neutralization by antisera elicited by an Env immunogen. The DMJ compounds were examined to determine if they could sensitize HIV-1 to neutralization by antisera elicited by an Env immunogen. Previous stud- ies demonstrated that CD4i antibodies could be elicited in rabbits immunized with gp120 cores that were modified to stabilize the CD4-bound conformation (68) . These stabilized gp120 cores were derived from the laboratory-adapted HIV-1 HXBc2 strain and lack the V1, V2, and V3 variable regions. X-ray crystal structures of gp120 core/two-domain CD4/X5 Fab complexes (59) were used to guide modification of the variable region deletions, substitution of cavity-filling residues, and introduction of two, three, and four potential disulfide bonds (in the respective 2CC, 3CC, and 4CC stabilized cores) (68) . In immunized rabbits, the stabilized gp120 cores elicited CD4i antibodies according to the following hierarchy: 4CC Ͼ 3CC Ͼ 2CC Ͼ a core lacking additional disulfide bonds (the V3S core) (68) . The ability of (ϩ)-DMJ-II-121 to sensitize HIV-1 JR-FL to neutralization by immune sera from these rabbits was tested. Preimmune sera were also tested, as negative controls. (ϩ)-DMJ-II-121 sensitized HIV-1 JR-FL to neutralization by sera from rabbits immunized with either the 3CC or 4CC stabilized gp120 cores (Table 4 and Fig. 3A) . Control recombinant HIV-1 pseudotyped with A-MLV Env was not neutralized by any of the sera in the presence or the absence of (ϩ)-DMJ-II-121 (Fig. 3B) . Preimmune sera from each rabbit were used as controls and did not exhibit any neutralization (Table 4) . Three of the five sera from rabbits immunized with the 2CC gp120 core neutralized HIV-1 JR-FL only in the presence of (ϩ)-DMJ-II-121 (Table 4) . None of the rabbit sera that were elicited by inoculation with the nonstabilized V3S core neutralized HIV-1 JR-FL after incubation with (ϩ)-DMJ-II-121 (Table 4) . Thus, neutralization of HIV-1 JR-FL after sensitization by (ϩ)-DMJ-II-121 correlated with the previously reported levels of CD4i antibodies elicited by the different stabilized gp120 cores (68) . The 3CC and 4CC gp120 cores better approximate the CD4-bound conformation and more efficiently elicit CD4i antibodies that can be potentiated by (ϩ)-DMJ-II-121 for HIV-1 neutralization.
DMJ compounds sensitize HIV-1 transmitted/founder viruses to neutralization by CD4-induced 17b antibody and antisera elicited by a 3CC gp120 core immunogen. The ability of (ϩ)-DMJ-II-121 to sensitize HIV-1 transmitted/founder viruses to neutralization by the 17b antibody (Table 5 ) and antisera elicited by the 3CC gp120 core immunogen (Table 6 ) was examined. In these experiments, the recombinant viruses were pseudotyped with the HIV-1 Envs derived from HIV-1 transmitted/founder viruses (55) . Recombinant HIV-1 pseudotyped with the primary R5 HIV-1 JR-FL and the A-MLV Envs served as positive and negative controls, respectively. HIV-1 neutralization was examined in the presence of subneutralizing concentrations of (ϩ)-DMJ-II-121 and different concentrations of the 17b antibody or sera.
The inhibition of the transmitted/founder viruses by (ϩ)-DMJ-II-121 or the 17b antibody alone and the ability of (ϩ)-DMJ-II-121 to sensitize the transmitted/founder viruses to neutralization by the 17b antibody are reported in Table 5 . In the absence of (ϩ)-DMJ-II-121, with one exception (1176 A3), the transmitted/founder viruses were negligibly inhibited by the 17b antibody. Of the ten 17b-resistant transmitted/founder HIV-1 isolates, (ϩ)-DMJ-II-121 sensitized six viruses to neutralization 
a The IC 50 by the 17b antibody. These viruses were also sensitive to inhibition by (ϩ)-DMJ-II-121 alone. Three of the transmitted/founder viruses tested were sensitive to (ϩ)-DMJ-II-121 inhibition but were not sensitized by (ϩ)-DMJ-II-121 to 17b neutralization. One transmitted/founder virus (TA5) did not exhibit sensitivity to (ϩ)-DMJ-II-121 alone and was not sensitized to 17b neutralization in the presence of (ϩ)-DMJ-II-121. Thus, a significant fraction of transmitted/founder HIV-1 isolates is sensitive to inhibition by (ϩ)-DMJ-II-121 and can be sensitized to 17b neutralization by this compound. Four of the transmitted/founder viruses were tested using antisera elicited by the 3CC gp120 core immunogen ( Table 6 ). Two of the transmitted/founder viruses (TD12 and B5) that were sensitive to (ϩ)-DMJ-II-121 inhibition also exhibited increased sensitivity to neutralization by 3CC antisera in the presence of (ϩ)-DMJ-II-121. Unexpectedly, one of the transmitted/founder viruses (TA5) that was not inhibited efficiently by (ϩ)-DMJ-II-121 was neutralized by 3CC-elicited antisera in the presence of (ϩ)-DMJ-II-121. Preimmune sera did not neutralize any of the transmitted/founder viruses in the presence or the absence of (ϩ)-DMJ-II-121. There was no significant inhibition of A-MLV by either 17b or immunized sera in the presence of (ϩ)-DMJ-II-121 (Tables 5 and 6 ). We conclude that (ϩ)-DMJ-II-121 is able to sensitize a substantial fraction of transmitted/founder HIV-1 isolates to neutralization by antisera elicited by a 3CC gp120 core immunogen.
DISCUSSION
An attractive strategy for preventing HIV-1 acquisition is to generate antibodies in an uninfected individual that potently neutralize a wide range of transmitted/founder HIV-1 variants. Both viral and antibody factors determine HIV-1 neutralization efficiency (16) . Transmitted/founder viruses generally exhibit low Env reactivity and thus are relatively resistant to neutralization (16, 54, 55) . Antibodies that effectively neutralize these low-reactivity viruses must bind the unliganded Env trimer efficiently, without requiring significant conformational changes in Env (16, 62) . The many ongoing efforts to elicit such neutralizing antibodies have yet to succeed (44, 52, (71) (72) (73) . In this work, we investigated an approach that increases the sensitivity of the HIV-1 virion to some neutralizing antibodies. The approach takes advantage of (i) the natural tendency of HIV-1 Env to make the transition from the unliganded state to the CD4-bound state (17), (ii) the highly conserved nature of the gp120 binding sites for CD4 and CCR5 (57, 58) , (iii) the vulnerability to antibody neutralization of the CD4-bound state of Env on a virus that is distant from the target membrane (69, 70) , and (iv) the availability of small-molecule CD4-mimetic compounds that exhibit sufficient affinity and breadth (76, 77) . Compared with the parental NBD-556 compound, the newly characterized DMJ compounds bind gp120 with higher affinity, block gp120-CD4 binding more efficiently, and inhibit HIV-1 infection with lower IC 50 s (76, 77) . NBD-556 has been shown to increase the binding of the 17b CD4i antibody to gp120 (78) and has been reported to increase weakly the ability of the 17b CD4i antibody to neutralize laboratory-adapted viruses (15) , which (90) . The interaction of the DMJ compounds with these residues may explain why the DMJ compounds bind with a smaller entropic penalty than NBD-556. The interaction of the DMJ compounds with gp120 points toward a binding event that is characterized by a better affinity and a coupling to some different conformational changes in Env that are smaller in magnitude and necessary for the sensitization effect. The CD4i and V3-directed anti-gp120 antibodies neutralized HIV-1 with dramatically improved potency in the presence of the DMJ compounds. These two groups of antibodies recognize gp120 epitopes that share several features: (i) poor formation/ exposure on the unliganded HIV-1 Env trimer, (ii) induction by CD4 binding, (iii) involvement in coreceptor binding, and (iv) a high degree of conservation in the components of the epitope that interact with the coreceptor. As the sensitizing effect of the DMJ compounds did not extend to other groups of Env-directed antibodies, sensitization of HIV-1 likely results from the induction of Env conformational changes similar to those induced by CD4. This conclusion is consistent with the documented CD4-mimetic thermodynamic and entry-enhancing properties of NBD-556 analogues (75, 78) , as well as the proximity of their gp120 binding site to that of CD4 (17, (75) (76) (77) . In addition, the sensitization of HIV-1 to CD4i and V3-directed antibodies by different NBD-556 analogues correlated with sensitization of the virus to cold inactivation ( Table 1 ). The sensitivity of HIV-1 variants to cold inactivation is known to increase in proportion to their tendency to assume the CD4-bound conformation (54, 84) . Thus, the observed relationship between sensitization of HIV-1 to antibody neutralization and cold inactivation is consistent with different levels of induction of the CD4-bound state by the various NBD-556 analogues. In summary, the sensitization of HIV-1 by the DMJ compounds apparently involves the induction of conformational changes related to those that occur during CD4 binding.
One practical use of the observed sensitization effect might be the enhancement of vaccine efficacy by the DMJ compounds. One frustrating aspect of HIV-1 vaccine development is the difficulty of eliciting antibodies that potently neutralize diverse strains of virus (44, 52, (71) (72) (73) . Sensitization of HIV-1, including transmitted/founder viruses, by the DMJ compounds results in a virus that is neutralizable by antibodies that can be readily elicited. During HIV-1 infection of humans, CD4i antibodies are elicited early and in a high proportion of infected individuals (66) ; this suggests that the generation of such antibodies in humans may be achievable by vaccination. Moreover, "stabilized gp120 cores" that have been engineered to assume the CD4-bound state have been demonstrated to raise CD4i antibodies in immunized rabbits (67, 91) . In this report, we demonstrate that (ϩ)-DMJ-II-121 sensitizes primary HIV-1 JR-FL and transmitted/founder viruses to polyclonal sera raised by the 3CC and 4CC stabilized cores in multiple rabbits. Thus, the two fundamental components of a prophylactic approach based on HIV-1 sensitization are in place: (i) DMJ compounds that inhibit HIV-1 entry (76, 77) and also sensitize HIV-1 to neutralization by CD4i and V3-directed antibodies and (ii) stabilized gp120 core immunogens that can elicit CD4i antibodies (67) . One can thus envision a multicomponent vaccine regimen in which one of the immunogens is a stabilized gp120 core that elicits antibodies against the conserved coreceptor-binding site. DMJ compounds administered orally or in a microbicide formulation could sensitize a range of transmitted/founder viruses to inhibition by the vaccine-elicited antibodies.
This study establishes proof of concept that specific Env-targeted compounds can sensitize primary HIV-1 to antibodies that are present in many HIV-1-infected individuals or that are readily elicited. To identify and overcome the potential challenges associated with practical implementation of these observations, future studies using animal models will be needed.
